Introduction
Glycopolymers, or synthetic polymers with pendant carbohydrate groups, have recently attracted great attention due to their potential for biomimicry and use in biomedical applications. In nature, glycosylation of cell-surface components, such as lipids and proteins, is ubiquitous and serves diverse essential roles including cellular recognition, adhesion, lubrication, cancer cell metastasis, and infection of pathogens. Similarly, the addition of saccharides to synthetic polymers has allowed their use as materials for both medical diagnostic and therapeutic applications. Glycopolymers have been investigated for use in drug delivery vehicles, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 bioactive hydrogels, 11, 12, 13 cell culture matrices, 14, 15, 16, 17 stationary phases for chromatographic purposes, 18 for surface modification, 19, 20 as therapeutic drugs, 21, 22, 23, 24, 25 and as models of biological systems. 26, 27, 28, 29, 30, 31 The synthesis of glycopolymers has also been the subject of many reviews. 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44 Here, we provide an overview of recent advances in the synthesis of glycosylated synthetic polypeptides, or glycopolypeptides, focusing on those prepared by ring-opening polymerization (ROP) of α-amino acid Ncarboxyanhydride (NCA) monomers. This review is focused on methods for preparation of glycopolypeptides with side-chain glycosylation, and does not include the intriguing approach of appending polysaccharides to polypeptide chain-ends. 45, 46 The preparation of glycopolypeptides has been the subject of much recent interest since these materials can have advantages over conventional synthetic polymers. Like natural proteins, polypeptides possess the ability to cooperatively hydrogen bond and adopt stable secondary structures in solution. Combined with hydrophobic, electrostatic and dipolar interactions, ordered chain conformations allow linear polypeptides to form complex architectures. 47 In addition, polypeptides are readily obtained from simple amino acid precursors, and in many cases are biocompatible and biodegradable.
In order to develop synthetic polypeptide materials useful for medical applications, incorporation of biofunctionality in addition to structural control is important. The addition of saccharides to polypeptides as non-ionic, polar groups to increase their solubility and blood circulation lifetime has great promise, as well as for generation of materials that interact with biological systems. There are a number of chemical and biological techniques for the preparation of synthetic glycopeptides and glycopolypeptides. The various approaches differ in the quantities of material that can be obtained, in their ability to control amino acid sequence, to control chain length homogeneity, and in the chain lengths that can be achieved.
Solid phase peptide synthesis (SPPS) is a particularly useful chemical approach for producing sequence specific peptides and allows the precise incorporation of glycosylated amino acids. The synthesis of preformed glycosyl amino acid building blocks, and their application in solid support peptide chemistry has been reviewed elsewhere. 48, 49, 50, 51 While extremely useful for replicating natural peptides, SPPS has drawbacks for large-scale production of long-chain polypeptides for biomaterials applications. SPPS requires a significant investment of time and cost that results in expensive materials, and chain lengths are typically limited to ca. 50 residues due to limitations in the peptide coupling reactions. While SPPS is valuable for many needs, it is not generally used to prepare high molecular weight polypeptides, which are desirable for their solubilizing, selfassembling, or protein mimicking properties. Native chemical ligation and related coupling strategies have recently emerged as methods to partially overcome the size limitations of SPPS for preparation of synthetic glycoproteins.Error: Reference source not found ,Error: Reference source not found, 52 Peptides and polypeptides can also be produced in a sequence specific fashion via recombinant DNA techniques, and then later chemically or enzymatically glycosylated. Protein expression is capable of producing much high molecular weight polypeptides integrated chemical and biological techniques in order to prepare monodisperse glyconamidated polypeptides with controlled saccharide placement. Helical polypeptides with the sequence (AAAQAAQAQAAAEAAAQAAQAQ)6, where A = L-alanine, E = L-glutamic acid, and Q = L-glutamine, containing an Nterminal fusion tag for affinity purification were expressed using recombinant methods in bacteria. After isolation of the polypeptide, β-D-galactosylamine moieties were coupled to glutamic acid residues using standard amide bond forming reaction conditions. In this case, the nominal distance between glutamic acids on the polypeptide was chosen to correlate with the spacing of galactose-binding sites on cholera toxin for inhibition studies. Kiick's strategy is excellent for producing material that requires high sequence specificity. However, the multiple steps needed to prepare these chains can be difficult and time consuming, which limits the ability to quickly modify and fine tune material properties.
Solution phase polymerization techniques offer a very efficient route to large-scale production of high molecular weight glycopolypeptides.
Step-growth polymerizations, where bi-or multi-functional oligopeptide monomers react to form dimers, then longer oligomers, and eventually long chain polymers, can be used to produce polypeptides with homogeneous repeating sequences. This method was used by Nishimura and coworkers 54, 55 to synthesize a variety of glycopolypeptides to serve as mimics of mucins and anti-freeze glycoproteins. Tripeptides (AAT) or (ATA), T = L-threonine, were prepared and biologically relevant disaccharide glycosyl fluorides were then coupled to the threonyl residues. The resulting glycopeptides were polymerized in a step-growth fashion using diphenylphosphoryl azide to promote peptide coupling, and yielded glycopolypeptides corresponding to 8-15mers of the tripeptide repeating units. Polydispersity indices of these samples were reported to range from 1.6 to 1.8. Enzymatic methods were used to further elaborate the sugar moieties into trisaccharides, and their effects on morphology of ice crystal growth were examined.
This step-growth method is most useful for studies where short, repeating glycopolypeptide sequences are desired, such as the mimics of anti-freeze glycoproteins that naturally occur with 4 to 55 repeats of tripeptide sequences. However, step-growth polymerizations are not as useful when well-defined, high molecular weight, low polydispersity polypeptides are desired. The ROP of NCAs is the most efficient synthetic route to welldefined, high molecular weight polypeptides, although sequence specificity in these polymerizations at the single residue level has yet to be accomplished.
Hermann Leuchs first reported the synthesis of NCAs over 100 years ago, 56 and these monomers have been widely used for the synthesis of polypeptides since the 1940s. 57 (Equation 1) NCA monomers are most often synthesized by treatment of α-amino acids with phosgene (Fuchs-Farthing method) 58, 59, 60 or by the reaction of N-alkyloxycarbonyl protected amino acids with halogenating agents (Leuchs method). 61, 62 Polypeptides have historically been obtained by ROP of NCAs via treatment with nucleophiles such as primary amines, or bases such as tertiary amines or alkoxides. However, these polymerizations are typically plagued by side reactions. 63 In recent years, much progress has been made in the development of new initiators and reaction conditions to achieve controlled NCA polymerizations. In 1997, transition metal complexes, introduced by Deming, demonstrated the first living NCA polymerizations yielding high molecular weight homopolypeptides and block copolypeptides with low polydispersity indices (<1.2). 64, 65 More recently, other advances have been made to improve control over amine initiated NCA polymerizations including use of N-trimethylsilyl amine initiators, 66 and optimization of reaction conditions. 67, 68 Advances in and applications of NCA ROP have been reviewed elsewhere and will not be discussed in detail here.Error: Reference source not found ,Error: Reference source not found, 69, 70, 71 Over the past 60 years, approximately 200 different NCAs have been synthesized from both natural and non-natural amino acids, and have been used to prepare polypeptides with diverse structures and functionalities. 72 There are two fundamental routes for preparation of glycopolypeptides using ROP of NCAs: the functional monomer route, where glycosylated monomers are polymerized; and the post-polymerization functionalization route, where saccharide groups are chemically conjugated to pre-formed polypeptides. (Figure 1 ) Both routes have their own advantages and disadvantages that warrant consideration. The functionalized monomer route has the distinct advantage of allowing one to produce polypeptides with sequences that are 100% glycosylated, while post-polymerization functionalizations can often suffer from incomplete sugar modification due to steric crowding and inefficiency in coupling yields. Due to limitations in reactivity and solubility, the complete chemical toolbox available for modification of small molecules contains many reactions that are often not compatible with polypeptides. Therefore, postpolymerization modification strategies often rely on "click" type reactions that can result in unnatural linker groups, or on coupling reactions that present attached sugars in non-native ring-opened forms. However, post-polymerization modification does have the advantage of avoiding the need to separately prepare many different functional monomers and individually optimize their polymerization conditions. Examples of both of these strategies, are detailed and discussed in the following sections.
Post-polymerization Glycosylation of Polypeptides Amide linkages to natural amino acids
Strategies to add sugar functionality to polypeptides postpolymerization have historically relied on the formation of amide bonds to amine or carboxylic acid side-chain groups found naturally in lysine, glutamic acid or aspartic acid residues. A number of researchers in the 1990s conjugated sugars (mannose, galactose, or lactose) to poly(L-lysine), poly(L-Lys), using a variety of coupling chemistries. 73, 74, 75, 76, 77, 78, 79, 80 For most of these studies, only fractional glycosylation of the poly(L-Lys) backbone was desired and full glycosylation was not attempted. In more recent work, Feng and coworkers 81, 82 prepared glyconamidated polypeptides on an amphiphilic ABA triblock copolymer scaffold. (Figure 2 ) ROP of N ε -benzyloxycarbonyl-Llysine-NCA (Z-Lys) NCA was initiated with a bifunctional bis amine-terminated polytetrahydrofuran (PTHF) macroinitiator to give a PTHF central hydrophobic block flanked by poly(Z-Lys) segments. After removal of the poly(Z-Lys) protecting groups, the triblock copolymer was glycosylated by reaction of Dgluconolactone or lactobionolactone under basic conditions to attach ring-opened sugars via amide linkages. Different glycosyl lactone reagent feed ratios gave glycosylation densities ranging from 47 to 75%. Higher substitution densities could not be reached even with three fold excess of glycosylating reagent, presumably due to steric crowding of the bulky sugar groups. These amphiphilic triblock copolymers were found to selfassemble into nano-sized aggregates in water and were able to encapsulate drug molecules. This same methodology was later used by Jan to prepare drug loaded glycopolypeptide vesicles for targeted delivery to HepG2 liver cells. 83 In 2010, Li and coworkers 84 used a similar approach to obtain partially glycosylated poly(L-Lys). (Figure 3 ) Poly(L-Lys) was prepared by amine initiated ROP of Z-Lys NCA to give degrees of polymerization of 32 or 61. After acidolysis of the lysine protecting groups, the poly(L-Lys) was treated with an isothiocyanate functionalized mannose derivative to give attachment via thiourea linkages and glycosylation densities of 16% and 23%. Interestingly, the fully hydrophilic random copolypeptide was found to exhibit pH and surfactant dependent self-assembling behaviour. The authors reported that direct dissolution of the copolypeptide in water at pH 4 yielded 10-15 nm spherical micelles. They postulated that micellar aggregation was driven by intermolecular hydrogen bonds from sidechain thiourea N-H groups to amide carbonyls on the poly(L-Lys) backbone. No secondary structure change was observed in the poly(L-Lys) after glycosylation: the circular dichroism (CD) spectra of both the unmodified and the glycosylated poly(L-Lys) were characteristic of random coil conformations. Addition of an anionic surfactant at pH 4 initiated a random coil to β-sheet shift in secondary structure coincident with formation of rod-like micelles. At pH 10, where the poly(L-Lys) amines became deprotonated and uncharged, an α-helical conformation was observed by CD with a change in morphology to 45-80 nm vesicular assemblies. The authors postulate that stronger hydrogen bonding along the poly(L-Lys) backbons overpowers sidechain-to-backbone hydrogen-bonding at high pH, and drives the morphology change from micelles to vesicles. Poly(L-Lys) typically has poor solubility in basic aqueous solutions; however, even at low grafting densities the pendant mannose units facilitated solubility over a wide pH range. 
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A related strategy was presented by Midoux 85 where commercially available poly(L-Lys) (MW = 30,000 to 50,000) was glycosylated using a 4-isothiocyanatophenyl glycoside reagent to attach sugars through thiourea linkages. Even with excess glycosylating reagent, only 26 to 36% glycosylation was achieved. The glycopolypeptides were investigated for use in gene delivery in hepatoma cells, which express a galactose specific lectin and can affect a receptor mediated endocytosis process. Midoux later used glycosylated poly(L-Lys) to investigate gene delivery to cystic fibrosis airway epithelial cells, which display a lectin that recognizes α-D-mannopyranoside residues. 86 A different approach to prepare amide-linked glycopolypeptides was taken recently by Menzel, who used poly(L-glutamic acid), poly(L-Glu), as the polypeptide precursor and formed glycopolypeptides by reactions with amino sugars. 87 The coupling reactions were promoted using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM), which is a mild and very efficient amide coupling agent compatible with the reagents used. Conjugation of glucosamine units to the polypeptide was found to be highly efficient (90%) at low loading ratios (less than 40% amino sugar per carboxylate), but decreased at higher sugar loadings, with the maximum loading of sugars being approximately 80%.
"Click" Reactions
In 2001, Sharpless 88 and Meldal 89 introduced the concept of ''click'' reactions, which was recently expanded 90 to better describe the needs of polymer chemists. This class of reactions is characterized by high selectivity and conversion, mild reaction conditions, high functional group tolerance, and simple purification. The Huisgen [3 + 2] cycloaddition between organic azides and alkynes and the radical mediated coupling of thiols and alkenes have both emerged as selective and highly efficient "click" coupling processes. These reactions have had a vast impact in polymer chemistry since they allow multiple site modifications of polymers in high yields, and typically do not interfere with other functional groups. However, use of these reactions for modification of polypeptides with sugars has only recently been demonstrated.
Hammond and coworkers published the first example of a click coupling onto polypeptides obtained from NCA polymerization in 2009. 91 Using copper catalysis, PEG-azides were coupled to alkyne functional homopolypeptides synthesized from γ-propargyl-L-glutamate NCA to yield PEG-grafted polypeptide brushes. Soon afterward, Chen and coworkers prepared the same NCA monomer via acid catalyzed esterification of L-glutamic acid with propargyl alcohol, polymerized it with n-hexylamine, and coupled the resulting polypeptide to three different azide functionalized monosaccharides using copper catalysis in DMSO. 92 ( Figure 4 ) The coupling chemistry was found to proceed with near complete conversion, yielding polypeptides with high glycan densities. The glycopolypeptides were soluble in water after removal of protecting groups and were found to all be α-helical regardless of glycan composition. Glycosylated poly(L-Glu) with different Figure 4 . "Click" glycosylation of poly(γ-propargyl-L-glutamate) by Chen et al. mannose/galactose epitope densities ranging from 6% to 100% mannose were synthesized, and binding rates with concanavalin A (ConA) lectin, which specifically binds mannose and glucose, were examined. Clustering rates were found to decrease as mannose epitope density was lowered. Brougham and Heise also used γ-propargyl-L-glutamate NCA to prepare glycopolypeptide decorated magnetic nanoparticles via initiation of NCA polymerization from surface bound amines on iron oxide nanoparticles followed by click glycosylation. 93 In a related strategy, Zhang reported the preparation of γ-3-chloropropyl-L-glutamate NCA from chlorotrimethylsilane catalyzed esterification of 3-chloropropanol with L-glutamate. 94 ( Figure 5 ) Polymerization of the alkyl chloride functionalized NCA was initiated using hexamethyldisilazane. The organic soluble, α-helical polypeptide was further modified by near quantitative conversion of chloro to azide groups, which were then coupled to alkyne functionalized D-mannose using copper catalysis in DMF. Grafting proceeded with high conversions yielding water soluble, α-helical mannosylated poly(L-Glu).
While Zhang and Chen obtained high degrees of functionalization using these click methodologies, a potential limitation of this method may be the hydrolytic instability of the glutamate ester linkages. Ester hydrolysis in biological environments, leading to loss of the "clicked" on functionality, would be undesirable as it may lead to reduced activity over time. Additionally, the ester linkage may limit the possibly of designing more complex systems as it is incompatible with many common deprotection techniques used synthetic polypeptide chemistry. Figure 5 . Polymerization of γ-chloropropyl-L-glutamate NCA followed by "click" glycosylation. 95 reported the synthesis of poly(D/Lpropargylglycine) from the NCA of commercially available racemic propargylglycine amino acid. (Figure 6 ) This NCA was polymerized at 0 ºC in DMF using amine initiation in the presence of LiBr to give soluble low molecular weight polymers (Mn < 3000 Da). Higher molecular weight homopolymers were poorly soluble, yet statistical copolymers of D/Lpropargylglycine NCA with γ-benzyl-L-glutamate NCA (Bn-Glu NCA) in a 1:2 ratio were found to give high molecular weight polymers that were soluble in DMF. Azide functionalized galactose was then coupled to these polypeptides in high yield using copper catalysis in DMSO. The galactosylated homoglycopeptide was found to be water-soluble, adopt a β-sheet conformation, and to form non-uniform aggregates in water. Selective lectin binding experiments with RCA120 and ConA confirmed that the glycopeptides are bioactive. Later work by Heise and Lecommandoux utilized block copolymers composed of poly(Bn-Glu) and short poly(D/L-propargylglycine) segments to prepare glycosylated polymersomes 96 and nano-assemblies from "treelike" oligosaccharide-grafted-polypeptides.Error: Reference source not found In 2013, Deming and Rhodes 97 reported the synthesis of a hydrotically stable azide bearing polypeptide by polymerization of azido-NCAs. Nα-Carboxybenzyl-L-azidonorvaline and Nα-carboxybenzyl-L-azidonorleucine were prepared in one step from Nα-carboxybenzyl-L-ornithine and Nα-carboxybenzyl-L-lysine, respectively. (Figure 7 ) Homo and diblock azidopolypeptides were prepared with controlled segment lengths using (PMe3)4Co initiator and were subsequently glycosylated by copper catalyzed reaction with an alkyne bearing monosaccharide. The azide groups were found to be quantitatively converted to the corresponding triazole derivatives, yielding water soluble, helical glycopolypeptides. Utilizing a different type of click reaction, Schlaad 98 prepared poly(D/L-allyglycine) from the NCA of commercially available racemic allylglycine to directly incorporate alkene groups into polypeptides, which allowed for subsequent thiol-ene coupling. (Figure 8 ) The NCA of D/L-allyglycine was polymerized using hexylamine in DMF to give soluble, low molecular weight oligomers (Mn < 2000 Da). End functional PEG-NH2 was also used as a macroinitiator to prepare PEG-b-poly(D/L-allyglycine) block copolymers. Radical addition of a variety of thiols, catalyzed by AIBN at elevated temperature using two equivalents of thiol per alkene, gave polymers with degrees of alkene functionalization that varied greatly with reaction conditions. Using this methodology, both ester and monosaccharide functionality were added to the poly(D/L-allyglycine) segments. occurred with greater than 90% conversion, but addition of a second thiosugar was more difficult, likely due to steric constraints. The deprotected glucopolypeptides were found to adopt random coil conformations in neutral and basic media where the glutamate residues were charged, and α-helical conformations in acidic media where the glutamate residues were neutral. The addition of glucose was found to enhance helical stability and solubility at low pH compared to the parent copolypeptide before glycosylation. The glucocopolypeptides were also found to selectively bind the plant lectin ConA. A different approach for click type polypeptide functionalization based on the alkylation of methionine residues was described by Deming and Kramer in 2012. 101 Methionine was found to undergo chemoselective, broad scope, highly efficient alkylation reactions in homo-and copolypeptides yielding stable sulfonium derivatives. These "methionine click" reactions use an inexpensive, natural amino acid that requires no side-chain modification or protecting groups, and the functionalizations were found to be stable toward and compatible with deprotection of other functional groups. Homo, diblock, and random methionine polypeptides were prepared with controlled segment lengths using (PMe3)4Co initiator and alkylated directly with activated alkyl halides or alkyl triflates. Alkylations with unactivated alkyl halides proceeded upon addition of silver tetrafluoroborate. High-molecular-weight and well-defined, fully glycosylated polypeptides were readily prepared in high yield by alkylation of poly(L-methionine), poly(Met), with a glycosyl triflate ( Figure 9 ) or with an iodoethyl glycoside and AgBF4 ( Figure 10 ). Follow up work by Deming and Kramer described the reversible modification of polypeptides with sugars via reversible methionine sulfonium salt formation. While many of the post-polymerization glycosylation strategies are quite promising and have generated materials with interesting properties, challenges remain. Functionalizations often suffer from inefficient sugar conjugation, most likely due to steric crowding on the polypeptide backbone. Low solubility of the precursor hompolypeptides is an issue in some cases, such as the use of racemic amino acids where only low molecular weight homopolymers were soluble. To prepare mimics of natural glycoproteins, the synthesis of high molecular weight glycopolypeptides is desirable. Additionally, for potential biomedical applications, azide-alkyne click reactions result in the formation of an unnatural chemical group, glutamate ester linkages are limited by potential hydrolytic instability, and strategies utilizing sugars presented in non-native ring-opened forms may not be biologically relevant. As will be described below, the functionalized monomer route can be utilized to overcome many of these challenges. Polymerization of glycosylated monomers has the distinct advantage of producing materials with 100% glycosylation. Additionally, small molecule chemistry allows a wider range of possibilities for optimizing conjugation chemistry and for saccharides to be presented in their natural forms.
Polymerization of Glycosylated Monomers
Rude prepared the first glycosylated NCAs, O-linked glycosylated-serine (glyco-Ser) NCAs, in 1966 in effort to study how addition of sugars to polypeptides would affect their immunological properties. 103 Acetobromoglucose and Ncarboxybenzyl-L-serine benzyl ester were reacted together in a mercuric cyanide mediated Koenigs-Knorr reaction. (Figure 11 ) After removal of the amino acid protecting groups, β-Dglucopyranosyl-L-serine NCA was prepared by the Leuchs method in 15 to 40% yield. NCA polymerization was initiated by the amine termini of different D/L-Ala, L-Lys, L-Glu, or L-Tyr containing copolypeptides to give glycopolypeptides with 6 to 11% glucose by weight. The polymers were poorly defined, but immunological studies did show that addition of glucose to nonimmunogenic polypeptide scaffolds did not result in an increase in immunological response. In a later publication, Rude and coworkers extended this methodology to include several other mono-and disaccharides. Polymerization of the same glyco-Ser NCA monomers was studied in more detail by Okada in 1994. 105 ROP was carried out using primary and tertiary amine initiators; where primary amine initiation led to chain growth via the amino end group and tertiary amine polymerizations were believed to proceed by the ''activated monomer mechanism''.Error: Reference source not found Polymerization of these NCAs gave mainly short, oligomeric products where chain growth was likely inhibited by steric and H-bonding interactions between the sugar substituents and the NCA rings. Despite this limitation, diblock copolymers were synthesized by sequential addition of L-alanine and glycoSer NCAs. In later publications, Okada and coworkers initiated polymerization of the glyco-Ser NCAs from polyoxazoline macroinitiators 106 and from p-vinylbenzylamine to generate glycopolypeptide macromonomers for subsequent free radical copolymerization. 107 The vinyl bearing glycopolypeptide macromonomers were copolymerized with acrylamide to give graft type polymers with glycopolypeptide side chains. The resulting multivalent glycopolypeptide copolymers were examined in hemagglutination inhibition assays with wheat germ agglutinin lectin (specific for N-acetyl-D-glucosamine), and were compared to monovalent N-acetyl-D-glucosamine as a control. The multivalent glycopolypeptide showed a 103 times stronger affinity towards the lectin than N-acetyl glucosamine, illustrating the potential of glycopolypeptides in biological applications. In later work, Okada and coworkers initiated polymerization of glyco-Ser NCAs using poly(amido amine) dendrimers to prepare "sugar balls" for biomedical applications. carbonate in acetonitrile. Conjugates were obtained in 43 to 59% yield. After removal of the Boc groups, the glyco-Ser conjugates were converted to NCAs using triphosgene in 26 to 51% yield; however, these NCAs were not sufficiently purified to allow polymerization. To overcome these difficulties in synthesis, purification, and polymerization of glycosylated NCAs, Deming and Kramer prepared glycosylated L-lysine NCA 111 (glyco-Lys NCA) monomers ( Figure 13 ) and reported a new general purification method for NCAs. 112 The glyco-Lys conjugates employ C-linked sugars and amide linkages for improved stability against deglycosylation compared to the previously described O-linked conjugates. The O-linkages to Ser are susceptible to both acidic and basic hydrolysis and to enzymatic deglycosylation in vivo. Clinked glycopeptides are also known to bind targets with nearly equal affinity and conformation as native O-linked analogues 113, 114 and have been widely utilized when stable glycoprotein mimetics are desired. The side-chains of lysine also provide a longer linker to the sugars compared to those of serine and threonine, which can help provide good monomer polymerizability. Three different monosaccharide bearing glyco-Lys NCAs, based on D-galactose, D-glucose, or D-mannose, were synthesized by Leuch's method via treatment with Cl2CHOCH3, and then purified by anhydrous flash column chromatography. The chromatography technique developed by Deming and Kramer was found to be a useful general method to obtain highly pure NCAs bearing complex functionalties, and is particularly useful for purification of low melting or difficult to crystallize NCAs.
Using transition metal initiation, high purity glyco-Lys NCAs were found to undergo the first living polymerizations of glycosylated NCAs, which allowed preparation of well-defined, high molecular weight glycopolypeptides and glycopolypeptide containing block copolymers in excellent yield. Soluble homoglycopolypeptides were prepared with degrees of polymerization greater than 300 residues, significantly larger than the chains prepared from the previously described glyco-Ser NCAs (degree of polymerization < 50). It is also noteworthy that polymerizations of glyco-Lys NCAs proceeded efficiently at room temperature to yield polymers with degrees of polymerization > 150 in less than 3 hours, as compared to 3 to 6 days for polymerization of O-linked glyco-Ser NCAs (degree of polymerization < 25) using amine initiators,Error: Reference source not found or the multiple days required for amine polymerizations of "clickable" NCAs.Error: Reference source not found ,Error: Reference source not found,Error: Reference source not found These glycopolypeptides were all found to be highly α-helical in aqueous media and measurement of CD spectra from 4 to 90 °C revealed that the α-helical conformation of poly(galactosyl-LLys) was only gradually disrupted as temperature was increased with roughly 40% helicity being retained at 90 o C. Helix destabilization is likely due to disruption of intramolecular peptide H-bonding by interactions with water molecules. In 2011, both Gupta and Wenz reported the synthesis and polymerization of glycosylated lysine NCAs. In a similar strategy to Li, Wenz and coworkers 115 attached peracetylated monosaccharides (glucose, mannose, or galactose) to Nα-carboxybenzyl-L-lysine via a thiourea linker. (Figure 14 ) Conversion to the glycosylated NCAs was accomplished by the Leuch's method via treatment with Cl2CHOCH3. NCAs were obtained in 76 to 82% yield after purification by aqueous workup and precipitation. The NCAs were then copolymerized with both PEGylated and N ε -trifluoroacetyl lysine NCAs using either a tertiary amine or nickel initiator. The resulting statistical copolypeptides were obtained in good yield, were water-soluble after global deprotection, and had α-helical secondary structures. The in vitro toxicities of the glycopolypeptides were tested with human T lymphocytes using the XTT cell viability assay and cells were found to be viable at polymer concentrations up to 0.33 mg/mL and the cells did not change morphology within 3 days after exposure. Glycopolypeptide uptake by human T lymphocytes was investigated by flow cytometry and both the mannosylated and galactosylated polypeptides were readily taken up, while the glucosylated polypeptide was not. These experiments highlight the potentially utility of synthetic Gupta and coworkers 116 prepared glycosylated lysine NCAs by modification of Nε-Boc-Nα-carboxybenzyl-L-lysine benzyl ester via reaction with the propargyl 1,2-orthoester of per-Obenzoylated-D-glucose or mannose using HAuCl4 and molecular sieves in CH2Cl2 to give conjugates with carbamate linkages in good yield. After removal of the amino acid protecting groups, the conjugates were converted into NCAs using triphosgene and purified by precipitation. Polymerizations were initiated with primary amines in the presence of 1,8-bis(dimethylamino)naphthalene as a proton sponge to remove residual HCl that had not been removed during NCA purification. Polymerization reactions were conducted in either acetonitrile, which gave broad molecular weight distributions, dioxane, which gave unpredictable molecular weights that were 1.3 to 2.8 times higher than expected, or DMF, which also gave unpredictable molecular weights that ranged from 0.88 or 1.8 times expected. Under optimized conditions, homoglycopolypeptides were obtained in 80 to 95% yield with narrow molecular weight distributions and degrees of polymerization ranging from 22 to 89. Diblock copolymers were obtained by initiation with an amino terminal PEG segment. The utility of these glycopolypeptides remains unclear since deprotection of the benzoyl sugar protecting groups could not be accomplished. In a later report, Gupta and coworkers polymerized the same carbamate linked glycosylated lysine NCAs, as well as racemic and lactosylated versions, using acetate protecting groups instead of the previously reported benzoyl groups. 117 Polymerizations were again initiated with an amino terminal PEG in the presence of "proton sponge" in dioxane, but with acetate protecting groups these monomers gave molecular weights closer to theoretical values. Control over glycopolypeptide length was not demonstrated; however, narrow molecular weight distributions and degrees of polymerization from 35 to 64 were reported. After removal of the acetate groups, the water soluble, enantiomerically pure glycosylated poly-L-lysines were found to have conformations ranging from 30 to 70% α-helical depending on the chain length and type of sugar presented. As expected, no ordered secondary structure was observed for the racemic glycopolypeptides. Binding studies of the mannosylated poly(LLys) with the lectin ConA were performed using isothermal titration calorimetry (ITC), and precipitation and hemagglutination assays. Overall, the binding affinity was found to be nearly the same for helical glycopolypeptides based on enantiomerically pure L-lysine as well as the corresponding racemic glycopolypeptides with no ordered secondary structure.
Gupta and co-workers later described the coupling of the same glycopolypeptides of short lengths to gallate benzyl ether wedgeshaped, branched dendrons via azide-alkyne click chemistry using PEG linkers. 118 The conjugates were found to self-assemble Figure 15 . Preparation of carbamate linked glycosylated Lys NCAs and the corresponding glycopolypeptides by Gupta.
into organogels, micelles, or rods depending on the dendron properties, the length of the glycopolypeptide segment, amount of deprotection of the sugar residues, and the percent helical content of the polypeptide backbone. Deming and Kramer have also described the preparation of glycopolypeptides with controllable secondary structure. In 2012, the synthesis, polymerization, and analysis of "redox switchable" glycopolypeptides based on glycosylated L-cysteine was reported. 119 ( Figure 16 ) These conformation-switchable glycopolypeptides were prepared by the living polymerization of glycosylated L-cysteine (glyco-Cys) NCA monomers. The monomers were prepared in high yield by coupling of allyl functionalized peracetylated C-glycosides of D-galactose or Dglucose to L-cysteine using thiol-ene "click" chemistry. The glyco-Cys conjugates were converted to the corresponding glycoCys NCAs by Leuch's method via treatment with Cl2CHOCH3 and obtained in high purity after purification by anhydrous flash column chromatography. The glyco-Cys NCA monomers were found to polymerize efficiently using (PMe3)4Co initiator in THF, giving side-chain-protected glycopolypeptides in excellent yields. Glycopolypeptide lengths increased linearly with monomer to initiator stoichiometry and low polydispersity indices were observed (<1.2). Soluble, high-molecular-weight glycopolypeptides with 100% glycosylation were prepared with reproducible and precisely controlled chain lengths up to ca. 200 residues long, which is difficult to achieve using the postpolymerization glycosylation strategies. The resulting glycosylated poly(Cys) samples were found to be water-soluble and α-helical in solution. Aqueous oxidation of the side-chain thioether linkages to yield a glycosylated poly(Cys) sulfone derivative, poly(Cys O2 ) resulted in disruption of the α-helical conformation into random coil secondary structures without loss of water solubility. This was the first demonstration of a synthetic polymer with the ability to switch chain conformations and remain water-soluble in both states, and allows new capabilities for control over presentation of sugar functionality in subtly different contexts. Interestingly, during preparation and study of homologous samples based on Lhomocysteine residues, poly(homoCys), where the thioether group is separated from the peptide backbone by one additional methylene unit, no conformation switching was observed upon oxidation to the sulfone. The glycosylated poly(homoCys) was similar to glycosylated poly(Cys) in that it was soluble and α-helical, but after aqueous oxidation to the sulfone the glycopolypeptide remained α-helical. This study indicated that small molecular changes and subtle shifting in the balance of forces can have large effects on chain conformation, allowing polypeptides to be tuned to present glycans in different contexts.
Deming and coworkers used the disordered conformation glycosylated poly(Cys O2 ) and the previously described highly α-helical glycosylated poly(Lys) to study the effect of glycopolypeptide chain conformation on self-assembly behaviour. 120 Galactosylated amphiphilic diblock copolypeptides were prepared via (PMe3)4Co initiated polymerization of the previously described glyco-Lys and glyco-Cys NCAs, followed by addition of L-leucine NCA to generate a poly(L-leucine), poly(Leu), hydrophobic segment. After deprotection of the sugars and oxidation of the poly(glyco-Cys)65-b-poly(Leu)20 samples, self-assembly behaviour in water was investigated. Block copolypeptides containing α-helical or disordered hydrophilic segments gave different assembly morphologies, where the disordered glycopolypeptide segments favoured vesicle formation and the α-helical glycopolypeptides favoured irregular aggregates and plate-like structures. The vesicles were able to encapsulate cargos and could bind to biological targets; highlighting the utility of glycopolypeptides for drug delivery applications.
Conclusions
This review provides an overview of current research on the preparation of synthetic glycopolypeptides. Glycopolypeptides, or polypeptides with pendant carbohydrate groups, have attracted considerable recent attention from polymer chemists due to the many potential biomedical applications of these materials. Synthetic glycosylated polymers and polypeptides have shown much promise in tissue engineering, cell culture, and drug delivery applications, as well as in diagnostic applications. As the field of glycomics research advances, well-defined glycopolypeptide mimics of natural glycoproteins will become increasingly useful tools to answer complex questions in cell biology. The future potential for both research and commercial applications of glycopolypeptides is immense.
